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Three-Dimensional Structure and Stability
of the KH Domain: Molecular Insights into
the Fragile X Syndrome
Giovanna Musco,* Gunter Stier,* Catherine Joseph,* There is now considerable evidence that KH domains
bind single-stranded RNA (ssRNA). The KH domain ofMaria Antonietta Castiglione Morelli,²
S3 can be cross-linked to ribosome-bound mRNA (Ur-Michael Nilges,* Toby J. Gibson,*
laub et al., 1995). Vigilin (consisting only of KH repeats)and Annalisa Pastore*
binds ribosomal RNA (Neu-Yilik et al., submitted). Esch-*European Molecular Biology Laboratory
erichia coli NusA has recently been shown to bind toMeyerhofstrasse 1
nascent mRNA, upstream of termination hairpins (LiuD-69012 Heidelberg
and Hanna, 1995). Single KH domains have been shownFederal Republic of Germany
to bind nucleic acid in vitro (Ito et al., 1994; Leffers et²Universita' della Basilicata
al., 1995). A more detailed description of the KH±RNAPotenza
interaction is currently lacking.Italy
Mutations in the locus of the KH protein FMR1 lead
to fragile X syndrome (Verkerk et al., 1991; Mandel and
Heitz, 1992). This syndrome is an X-linked dominant
Summary
disorder and the most frequent heritable cause of mental
retardation in humans (Nussbaum and Ledbetter, 1995;
The KH module is a sequence motif found in a number Reiss et al., 1994). FMR1 shows a tissue-specific varia-
of proteins that are known to be in close association tion in expression that correlates well with the morpho-
with RNA. Experimental evidence suggests a direct logical consequences of fragile X syndrome (Devys et
involvement of KH in RNA binding. The human FMR1 al., 1993). Most of the molecular alterations appear to
protein, which has two KH domains, is associated with be associated with transcriptional silencing of the FMR1
fragile X syndrome, the most common inherited cause gene (Pieretti et al., 1991). Several intragenic mutations
of mental retardation. Here we present the three-di- of FMR1 have also been identified, including frameshifts
mensional solution structure of the KH module. The caused by a one base deletion and by loss of a splice
domain consists of a stable baabba fold. On the basis acceptor site (Luyebeel et al., 1995). In one case with a
of our results, we suggest a potential surface for RNA severe phenotype, the FMR1 protein is expressed but
binding centered on the loop between the first two carries a point mutation (Ile-304→Asn) in the second KH
helices. Substitution of a well-conserved hydrophobic domain (De Boulle et al., 1993). This mutationwas shown
residue located on the second helix destroys the KH to compromise severely in vitro binding to homopoly-
fold; a mutation of this position in FMR1 leads to an meric RNA (Siomi et al., 1994). FMR1 belongs to a
aggravated fragile X phenotype. multigene family: so far two homologs, FXR1 and FXR2,
have been isolated (Siomi et al., 1995). These proteins
appear to be present in heteromeric complexes in vivo,Introduction
indicating that their functions are tightly linked and may
overlap (Zhang et al., 1995).The K homology (KH) module was originally identified
We now report the three-dimensional structure, asas a triple repeat in the human heterogeneous nuclear
determined by nuclear magnetic resonance (NMR), ofribonucleoprotein (RNP) K protein (Siomi et al., 1993a).
the sixth KH repeat of human vigilin (Vig-6). Vigilin, aKH modules have subsequently been found in single or
protein associated with the endoplasmic reticulum andmultiple copies in a diverse set of proteins, whose only
with free ribosomes (Neu-Yilik et al., submitted), con-
common property is that they all function in close asso-
tains 15 KH repeats, all followed by a stretch of approxi-
ciation with RNA. It is now clear that KH-containing
mately 18 amino acids with strong helical periodicity. In
proteins play major roles in regulating cellular RNA me-
previous studies, only 14 KH repeats had been identified
tabolism. Prokaryotic KH proteins include the ribo- in vigilin (Schmidt et al., 1992; Gibson et al., 1993). Rein-
nuclease PNP (Regnier et al., 1987), the ribosomal pro- spection in light of the solved structure shows that a
tein S3 (Urlaub et al., 1995), and the transcription degenerate additional module is present at the N-termi-
elongation factor NusA (Liu and Hanna, 1995). Eukaryo- nus. If the KH repeats are renumbered accordingly, the
tic KH proteins include the splicing modulators Mer1 in work described in the present paper deals with repeat
yeast (Nandabalan et al., 1993) and PSI in Drosophila six, which corresponds to repeat five as previously iden-
(Siebel et al., 1995), the human RNA-associated Src sub- tified (Castiglione Morelli et al.,1995). The modular archi-
strate Sam68 (Fumagalli et al., 1994), vigilin (Schmidt et tecture of vigilin makes it well suited for the identification
al., 1992), a-globin messenger RNP stability complex± of the KH domain boundaries. The solved KH structure
associated proteins aCP-1 and aCP-2 (Kiledjian et al., allows us to interpret the effects of the KH mutations in
1995), and the product of the fragile X mental retardation FMR1, BICC, and GLD-1 and predict the site of RNA
gene (FMR1) (Siomi et al., 1993b). Gene lesions have interaction.
major developmental consequences for FMR1, Dro-
sophila Bicaudal C (BICC) (Mahone et al., 1995), Caeno- Results
rhabditis elegans GLD-1 (Jones and Schedl, 1995), and
mouse quaking (Ebersole et al., 1995). Loss of function Choice of the Domain Boundaries
mutations within the KH domain have stronger pheno- The minimal KH motif was earlier found to comprise
approximately 50 amino acids, bound at the C-terminustypes than those observed for loss of gene expression.
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the average gives a root-mean-square deviation (rmsd)Table 1. Structure Statistics for the 40 Best Final Structures
of 0.55 AÊ for the backbone atoms in the secondary struc-
Rmsd from ideality
ture elements and 1.80 AÊ for all heavy atoms in the range
Bonds (A8 ) 0.00154 6 0.00017 9±74. The N-terminus is highly disordered up to Met-9,
Angles (degrees) 0.33 6 0.01 where the first strand of a b sheet begins. Besides the
Impropers (degrees) 0.30 6 0.01
N- and C-termini, three segments are less ordered: resi-Quartic vdW term (kcal/mol) 6.18 6 1.92
dues 17±19, 26±30, and 47±51. Six residues within thesevdW energy (kcal/mol)a 2226.26 6 9.99
segments (Lys-27, Ala-30, Asp-48, Ser-49, Glu-50, andQuality control
Lys-51) could not be identified in the amide region of the
PROSA average energyb 21.55 6 0.19 spectra and were restrained by just a few intraresidue
WHATIF average energyc 21.81 6 0.11
NOEs. This behavior is typical of exposed flexible re-Fit to experimental data (A8 )
gions. The structures of these three segments, which
Unambiguous NOEs 0.0129 6 0.0034 all form loops closely placed in space on the same face
Ambiguous NOEs 0.0120 6 0.0027
of the structure (oriented upward in Figure 1a), are there-All NOEs 0.0134 6 0.0024
fore mostly undefined. The two remaining short loopsHydrogen bonds 0.0092 6 0.0026
All restraints 0.0133 6 0.0023 (39±41 and 60±62) are relatively well defined.
The Vig-6 KH fold consists of a stable three-strandedRmsd (A8 )d
antiparallel b sheet, which is packed against the three
Heavy atoms (9±74) 1.80 6 0.30
helices on one face. The overall topology is baabbaBackbone atoms (9±74) 0.83 6 0.29
(Figure 1). The three-stranded b sheet has the strandSecondary structure elements
order 1-3-2 and displays the usual left-handed twist.(9±16, 21±25, 31±39, 41±45,
53±59, and 62±74) 0.55 6 0.21 Helix a1 is approximately orthogonal to both the b sheet
b Sheet (9±16, 41±45, and a2. The two helices are connected by a flexible loop
and 53±59) 0.45 6 0.10 five residues long (26±30) containing a highly conserved
a1 and a2 (21±25 and 31±39) 0.44 6 0.27
Gly±Lys±X±Gly (GkxG) motif. A second flexible loop ex-
a3 (62±74) 0.30 6 0.15
tending from Pro-46 to Ser-52 connects strands b2 and
a van der Waals energy calculated with the standard Lennard±Jones b3 and protrudes from the globular core. The rest of
parameters of the CHARMM parmallh6 force field, which was not
the protein consists of the b3 internal strand followedused for the calculations. Repel 5 0.78 and kvdw 5 5 were used.
immediately by the C-terminal helix a3, which packsb Calculated according to Sippl (1993).
back against the protein core.c Calculated with WHATIF (Vriend, 1990).
d Rmsd calculated from the average structure calculated by a best
fit of residues 4±27 and 35±74. The C-Terminal Helix Is Essential for the KH Fold
The hydrophobic residues of the three strands cluster
on one side of the b sheet and pack against the hy-
by a strongly conserved glycine coinciding with the drophobic amino acids of the three a helices, thus build-
archaebacterial NusA protein C-termini (Gibson et al., ing the hydrophobic core of the structure.
1993). Unfortunately, constructs based on this assign- Two essential residues of the core are His-21 and Ile-
ment all produced unfolded peptides, suggesting that 32. His-21 is positioned at the beginning of helix a1 and
the domain boundaries had not been correctly assigned is surrounded by Ile-55, Ile-16, Pro-46, Ile-45, and Asn-
(Castiglione Morelli et al., 1995). Further inspection 53 (Figure 1b). These contacts position the a1 helix in an
showed that most KH motifs are preceded and followed orientation approximately orthogonal both to the strand
by a stretch of about 18 amino acids with high helical plane and to a2. The side chain of Ile-55 points directly
propensity, perhaps suggesting a helix-KH-helix pat- onto the aromatic ring of His-21, as revealed by its d
tern. However, good yields in expression and purifica- protons, which are ring-current shifted to the most high
tion were obtained only for those constructs containing field shifted resonances of the proton NMR spectrum
the KH motif and C-terminal helix. This, therefore, ap- (0.24 parts per million [ppm]). The core role of His-21 is
peared to represent the full domain. The KH-preceding also suggested by multiple sequence alignment (Gibson
helices were an artifact caused by incompletely deter- et al., 1993): while a histidine is conserved inall the vigilin
mined N-terminal sequences for several proteins. domains, all the other KH-containing proteins have a
hydrophobic residue at the corresponding position.
The KH Domain Folds into a Compact Several contacts between Lys-36 and Val-41 and be-
Globular Structure tween Phe-20 and Ile-45 position a2 relative to the first
A detailed account of the NMR spectrum assignment of helix and the second strand. a2 is almost parallel to one
the Vig-6 KH has been described in Castiglione Morelli of the two external strands (b2), thus protecting the
et al. (1995). Tertiary structure calculations used an itera- hydrophobic residues of this strand from the solvent.
tive protocol that progressively incorporates new re- This shielding function is complemented by the amphi-
straints on the basis of calculated structures and a nu- pathic character of a2, which contains only two hy-
clear Overhauser effect (NOE) spectroscopy cross-peak drophobic residues (Ile-32 and Ile-35) spacedone helical
list. The final structures were based on 1192 interatomic turn apart. These two isoleucines are critical to the a2
distance restraints. The quality of the final structures is hydrophobic interaction, contacting residues such as
very good, as judged by their geometry and other quality Ile-24 on a1 and Val-43 and Ile-45 on b2 (Figure 1c).
tests (Table 1). A bundle of the final set of 40 best struc- Helix a3, extending almost to the end of the construct
(Leu-74), is particularly well structured, as assessed bytures is shown in Figure 1a. Structure superposition on
The Structure of the KH Domain
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Figure 1. Stereo Views of the Tertiary Struc-
ture of the Vig-6 KH Domain
(a) Bundle of the 40 best-calculated struc-
tures. The backbone atoms of residues 9±16,
21±25, 31±39, 41±45, 53±59, and 62±74 were
superimposed on the average structure.
(b) MOLSCRIPT representation with helices
(blue) and strands (magenta), showing side
chains of the hydrophobic cluster (green)
around His-21 (yellow).
(c) View with Ile-32 (yellow) and other core
residues (green).
the observation in the NMR spectra of most of the NOEs and room temperature, the CD spectrum of the wild
type, with minima at 208 and 222 nm (Figure 2a), is typi-typical for helices. This long helix folds back onto the
b sheet, with unambiguously identified contacts with cal of a well-folded protein with a substantial a-helical
content. Thermal denaturation curves obtained follow-both the first helix (20±75) and the sheet (58±64 and
59±64). Thus, a3 is essential for the stability of the do- ing the ellipticity at 222 nm as a function of the tempera-
ture show that under these conditions the protein ismain, because it covers the hydrophobic surface of the
b sheet. relatively stable, with a melting point around 608C (data
not shown). The far ultraviolet spectrum of the mutant
lacks the minimum at 222 nm, while showing a newThe Ile-32→Asn Mutation Destroys the KH Fold
To investigate the structural effects of the point mutation minimum at 200 nm (Figure 2a). Based on this spectrum,
the mutant is completely unfolded. The wild-type NMRIle-304→Asn responsible for the aggravated phenotype
of fragile X (De Boulle et al., 1993), we expressed and spectrum recorded at pH 7 shows very good signal
dispersion, including the presence of low field reso-purified the analogous mutant of Vig-6 (Ile-32→Asn). In
contrast with the wild type, where low salt conditions nances from the water signal (peak at 4.7 ppm), typical
of b-sheet proteins (Figure 2b). The presence of signalswere needed for optimal solubility, the mutant required
50 mM NaCl (at pH 7 with 20 mM Tris±HCl) to avoid at high field is indicative of strong interactions between
aliphatic protons and aromatic rings characteristic ofprecipitation. The folding characteristics of the mutant
and wild type were compared using circular dichroic hydrophobic cores: here the resonances at 0.50 and
0.05 ppm correspond to the two methyl groups of Ile-(CD) and one-dimensional NMR spectroscopies. While
CD gives overall indications about the fold, NMR pro- 55 shifted by His-21 (Castiglione Morelli et al., 1995). In
contrast, the NMR spectrum of the mutant has generalvides detailed information along the sequence. At pH 7
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(dsRBD) (Bycroft et al., 1995; Kharrat et al., 1995), al-
though with nonequivalent topology.
As in the RNP motif and the dsRBD (as well as in
many other protein modules), the N- and C-termini of the
KH domain extrude from opposite ends of the structure;
therefore, in proteins with several KH repeats, such as
vigilin, the domains can be arranged consecutively in
space.
Multiple Alignment Revisited
Having established the importance of the extra C-termi-
nal helix for the stability of the fold, the alignment of
members of the KH family was reexamined using an
extended KH domain profile (Figure 3). For most KH
motifs, the consensus could be extended to include the
additional helical periodicity. The C-terminal boundaries
of both KH domains of FMR1 needed revision. In the
first KH of FMR1, the extra helix follows b3, coinciding
with the previously assigned linker connecting the two
KH motifs (Figure 3). The second KH of FMR1 has been
especially problematic because no satisfactory match
to the consensus for b3 was found in the region contigu-
ous to b2. This difficulty was compounded by a failure
to appreciate the need for a3. In the light of the Vig-6
structure, the missing elements were found following an
approximately 70 residue insertion after b2, which is not
present in the homologous FXR proteins (Siomi et al.,
1995). The b2/b3 has very low length conservation and
high tolerance to large insertions, e.g., 54 residues in
CeM88.5/3 (Figure 3). This indicates that the region is
unimportant for both structure and function, in agreement
with the high flexibility of the loop deduced from the
NMR spectra. The Sam68 family form a notable excep-
Figure 2. Spectroscopic Analysis of Wild-Type and Ile-32→Asn Mu- tion, with sequence conservation in the loop (Figure 3),
tant Peptides implying a functional role specific to these proteins, e.g.,
(a) Far ultraviolet CD spectra of wild-type (continuous line) and mu- in protein±protein or protein±nucleic acid interaction.
tant (broken line with dots) peptides. Spectra were recorded at 208C A few KH sequences, mainly consisting of NusA and
and pH 7.0 with 40 mM protein. ribosomal S3 proteins, lack the last helix. The second
(b and c) Comparison of NMR one-dimensional spectra for wild-
KH domain of archaebacterial NusA follows immediatelytype and mutant peptides. Spectra were recorded at 600 MHz at
after b3 of the first KH, while the end of the b3 of theroom temperature. The protein concentration was 1 mM at pH 7.0
second KH coincides with the protein C-terminus. Itwith 5 mM KCl.
seems probable that in such sequences the role of the
C-terminal helix in burying the inner surface of the bfeatures typical of a random coil, with no dispersion of
sheet is taken by other regions of the protein. To avoidthe resonances (Figure 2c). The signals at high field
further semantic confusion, we suggest that the familydisappear, indicating that Ile-55 no longer packs against
containing the additional helix should be referred to asHis-21.
maxi-KH (three strands and three helices) and the other,
with boundariesaccording to the original definition (Gib-Discussion
son et al., 1993), as mini-KH (three strands and two
helices).Similarity with Other Structures
The structure of a representative KH module shows a
mixed ab foldwith a topology reminiscent of, butdistinct Implications for RNA Binding
The KH is the least understood of the three known smallfrom, the MuA transposase DNA-binding domain (Clubb
et al., 1994). An additional structure picked up when globular RNA-binding modules (reviewed by Burd and
Dreyfuss, 1994; Mattaj, 1993). RNP motifs are the mostsearching the Brookhaven Protein Bank for fold similar-
ity is the U1A RNP domain (Oubridge et al., 1994) (with abundant class (reviewed by Birney et al., 1993), binding
ssRNA with varyingdegrees of sequence specificity. Thean rmsd of 3.1 AÊ on 59 atoms). The U1A structure is
formed by two intercalated bab units. Nevertheless, the dsRBD occurs in proteins that bind to dsRNA, usually in
the form of hairpin duplexes. Solved dsRBD structuressimilarity between the two structures does not convinc-
ingly support the existence of a common ancestor. An have suggested the location of the dsRNA-binding site
(Bycroft et al., 1995; Kharrat et al., 1995). KH domainsab fold is also present in another RNA-binding domain,
the double-stranded RNA (dsRNA) binding domain occur in a number of proteins that bind nonspecifically
The Structure of the KH Domain
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Figure 3. Alignment of Maxi-KH Domains, Color Coded to Highlight Similarities, with a Summary of Structural and Mutational Features
The numbers of residues not shown in long insertions are enclosed by angle brackets (< >). Summary lines are as follows: Lesions, sites of
known mutations in GLD-1 (G), FMR1 (F), and BICC (B); RNA_Xlink, the site in S3 KH that cross-links to mRNA; a_signals, conserved helical
periodicity (number sign [#], strong; percent sign [%], semiconserved); Helices, the Vig-6 helices; b_signals, conserved strand periodicity;
Strands, the Vig-6 strands; KH_Limits, mini- and maxi-KH boundaries; Vig/6_No., numbering for the Vig-6 construct; KH_No., numbering for
the conserved elements of KH domains. Glycine and proline residues are colored orange and yellow, respectively. Other coloring is by
conserved property in >40% (>30% for lysine, arginine, and histone) of a column: blue, hydrophobic; light blue, partially hydrophobic; red
and magenta, positive; purple, negative; green, hydrophilic. See Experimental Procedures for EMBL database accession numbers.
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Homology Modeling of FMR1 KH Domains
To obtain preliminary insights into thestructure of FMR1,
models of the two maxi-KH repeats of this protein were
built from the coordinates of the average structure of the
Vig-6 domain and from the revised sequence alignment
(Figure 5). As in Vig-6, the hydrophilic residues of the b
sheet in the first maxi-KH of FMR1 are all grouped on
the solvent-accessible face. The hydrophobic residues
of the b sheet are clustered on the opposite face and
pack against the three helices, forming the hydrophobic
core of the domain. In contrast, the b sheet in the second
maxi-KH of FMR1 possesses hydrophobic residues on
both sides. The exposed hydrophobic residues could
form sites for the interaction of the FMR1/FXR proteins,
since the KH domains are essential for complex forma-
tion (Zhang et al., 1995). Positively charged and hydro-
gen bond±donating residues are found in both domains
of FMR1 in the region encompassing the first and sec-
ond helices and the GkxG loop, reflecting its potential
role in RNA interaction.Figure 4. Suggested Surface for RNA Recognition
MOLSCRIPT representation of the Vig-6 domain, showing con-
served positive charges (light blue) and the backbone of the GkxG Consequences of KH Mutations in FMR1,
loop (yellow). BICC, and GLD-1
Mutation of the position equivalent to Ile-304 in FMR1
to ssRNA with, as yet, no examples of RNA sequence results in either the lowering of the affinity of RNA bind-
specificity. ing or its complete abolition (Siomi et al., 1994). Our
Analysis of the multiple sequence alignment and the results provide conclusive evidence that this mutation
Vig-6 KH structure suggests a possible RNA recognition (equivalent to Ile-32→Asn in our construct) will com-
surface. The most strongly conserved motif in the KH pletely disrupt the structure of the second KH domain
alignment is the GkxG tetrapeptide between helices a1 of FMR1, explaining its severeeffect on theRNA-binding
and a2 (Figure 3). The central positions of this loop are function of the protein. All FMR1-containing complexes
occupied by semiconserved positively charged amino would be affected by the mutation. The weaker pheno-
acids (Lys-27 in our Vig-6 construct). Since this se- type of the FMR1 loss of expression mutants could indi-
quence is part of an exposed flexible loop, the conserva- cate partial compensation, due to overlapping function
tion is not easily explainable by structural criteria (Figure of the FXR homologs.
4). The loop flexibility could be an intrinsic feature of In BICC, the loss of function point mutation Gly-
the KH motif and have a functional role. As observed 295→Arg falls within the third KH repeat (Mahone et al.,
for the RNP motif (Oubridge et al., 1994) and suggested 1995). This mutation corresponds to the conserved Gly-
for the dsRBD (Bycroft et al., 1995; Kharrat et al., 1995), 59 present at the end of strand b3 in our vigilin construct
an induced fit to the RNA upon binding could stabilize (Figure 3). Substitution by arginine would insert a bulky,
the loop structure. Evidence that the helical side of the charged side chain into the KH hydrophobic core and
KH domain interacts with RNA comes from ribosomal is bound to have severe structural consequences.
protein S3, which can be chemically cross-linked to As in BICC, the three point mutations isolated in the
bound mRNA from the exposed position 37 on helix GLD-1 KH domain are also glycine replacements (Jones
a2 (Urlaub et al., 1995). The cross-link indicates spatial and Schedl, 1995). However, in this case, they fall into
proximity of this residue with RNA, but not necessarily two very distinct phenotypic classes. The substitution
direct contact. Gly-227→Asp(Ser) exhibits the full GLD-1 loss of func-
Of the proteins with highly repeated KH domains, five, tion phenotype. Gly-227 is the first glycine of the GkxG
vigilin, Scp160, BICC, PSI, and C06G4.1, have divergent motif (corresponding to Gly-26 in the vigilin domain). It
KH domains with insertions or deletions in the GkxG is unlikely (but cannot be fully ruled out) that the KH fold
is destabilized, since this region of the structure is quiteloop: in these repeats the loop itself lacks sequence
conservation (Figure 3), suggesting that RNA-binding flexible. Given the evidence that this residue is at the
RNA-binding site, the mutation seems likely to result inaffinity of the repeats is varied in multi-KH proteins. This
could ensure that the combinatorial affinity of several substantially lowered RNA affinity. By contrast, the two
mutations Gly-248→Arg and Gly-250→Arg both exhibitKH repeats for RNA is not too strong, or would allow
regulatory processes to modulate the RNA-binding abil- a change of function phenotype, termed MOG (for mas-
culinization of germline). These mutations map withinity of the protein.
A partial preference for positively charged residues is the flexible fourth loop of the Vig-6 domain structure
and correspond to the exposed residues Pro-47 andalso observed on a2 and a3, in particular in the sites
corresponding to 33, 34, 36, 68, 69, and 74 in our num- Ser-49. The sequence of this loop is highly variable in
all the KH domains except the Sam68 group, to whichbering (Figures 3 and 4). RNA binding could therefore
extend to other parts of the a-helical side in addition to GLD-1 belongs. Since themutations cause a partial phe-
notype, they appear to disrupt only one specific functionthe GkxG loop.
The Structure of the KH Domain
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Figure 5. Models of the Two KH Repeats of
FMR1
Models are based on the coordinates of the
Vig-6 average structure and the new se-
quence alignment (Figure 3). Coloring is as
follows: magenta, the backbone atoms;
green, the hydrophobic side chains; yellow,
the position affected by the mutation (isoleu-
cine to asparagine) at residues Ile-241 and
Ile-304) of the FMR1 protein.
Structure Calculationof GLD-1, while leaving intact other functions of the
The calculations used simulated annealing (Nilges et al., 1991) inprotein, including RNA binding. This suggests that, for
an extendedversion of the X-PLORprogram. The protocol, an exten-the Sam68 family, this loop may provide a site of interac-
sion of the approaches used in Macias et al. (1994) and Kharrat et
tion with other factors. al. (1995), combines an iterative NOE interpretation scheme with
dynamic assignment of ambiguous NOE cross-peaks (Nilges, 1995)
Experimental Procedures and is implemented in a suite of X-PLOR additions (M. N., unpub-
lished data). The initial data set, consisting of 638 manually assigned
Production of the Samples NOEs, was iteratively augmented from the list of automatically as-
The Vig-6 domain was expressed and purified as described pre- signed cross-peaks. The final list contained 1192 restraints (578
viously (Castiglione Morelli et al., 1995). The Ile-32→Asn mutation intraresidual, 261 sequential, 164 medium-range, and 190 long-
was introduced using standard PCR-directed mutagenesis. The range NOEs). Details of the routines for restraint extraction, assign-
construct was cloned into a pET9d-derived plasmid vector between ment, distance calibration, and merging will be published elsewhere
an engineered NcoI cloning site after the coding sequence for a (M. N. et al., unpublished data). The restraint list obtained after ten
histidine tag (MKHHHHHHPM) and a KpnI site at the 39 end of iterations was visually inspected and then used to calculate a final
the polylinker. The soluble protein was purified by Ni-NTA column ensemble of 120 structures, of which 40 were used for the final
(Quiagen) chromatography and eluted with a linear gradient of 10± analysis. Floating assignment for prochiral groups was applied
250 mM imidazole (pH 7.0) in a standard lysis buffer. Peak fractions where no stereospecific assignments were available.
were successively run through an SP±Sepharose column.
CD Measurements
Distance Restraint Determination Measurements were performed on a Jasco J-710 spectropolari-
An initial list of distances was obtained from an 80 ms mixing time meter equipped with a cell holder thermostatically controlled by
NOE spectrum recorded at 300 K. NOEs were integrated and cali- circulating water from a Neslab RTE-110 water bath. A rectangular
brated by the AURELIA software using the intraresidue distance quartz thermostated cuvette with 0.1 cm pathlength was used (Hell-
Ha±NH of Val-64. We manually collected638 NOE-derived restraints ma). All the spectra were baseline corrected by subtracting buffer
(282 intraresidual, 176 sequential, 62 medium-range, and 72 long- spectra. Observed ellipticity was converted to mean residue weight
range NOEs). Stereospecific assignments were obtained for the b ellipticity [u]/(degree.cm2dmol21). The protein concentration was de-
proton pairs using the HABAS program (Guenthert et al., 1991). termined by measuring the dilution into 6 M guanidinium hydrochlo-
Hydrogen bonds were imposed between pairs of residues for which ride of a concentrated protein stock solution (1 mM), assuming
all standard b-sheet interstrand NOEs were observed and for which tyrosine absorbance at 276 nm. An extinction coefficient of 1450
the amide proton was solvent inaccessible in solvent saturation M21cm21 was used. The pH was adjusted by diluting aqueous solu-
experiments (Castiglione Morelli et al., 1995). For each hydrogen tions of peptide in 10 mM NaH2PO4/Na2HPO4 and 100 mM KCl. CD
bond, two upper limit restraints were used between the HN±O (2.2 spectra were the average of five scans obtained by collecting data
AÊ ) and N±O (3.2 AÊ ) atom pairs. Some hydrogen bonds were intro- at 0.5 nm intervals from 250±185 nm. After temperature-dependent
duced as ambiguous distance restraints (e.g., at the C-terminus unfolding, we monitored the ellipticity at 222 nm from 48C to 808C
at a heating rate of 208C per hour.of a3).
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Model Building antiterminator NusA and is probably involved in binding to nucleic
acid. FEBS Lett. 3, 361±366.The WHATIF package (version 4.9) (Vriend, 1990) was used for ac-
cessible surface area calculations and homology model building. Guenthert, P., Braun, W., and Wuethrich, K. (1991). Efficient compu-
Structure database superpositions were performed with the pro- tation of three-dimensional protein structure in solution from nuclear
gram DALI (Holm and Sander, 1993). magnetic resonance using the program DIANA and the supporting
programs CALIBA, HABAS and GLOMSA. J. Mol. Biol. 217, 517±530.
Sequence Analysis Holm, L., and Sander, C. (1993). Protein structure comparison by
The C-terminal helix was appended to previously aligned KH mod- alignment of distance matrices. J. Mol. Biol. 233, 123±138.
ules (Gibson et al., 1993). KH domain profiles were made with the
Ito, K., Sato, K., and Endo, H. (1994). Cloning and characterization ofprogram PROFILEWEIGHT (Thompson et al., 1994) and compared
a single-stranded DNA binding protein that specifically recognizeswith sequence databases essentially as in Kharrat et al. (1995), using
deoxycytidine stretch. Nucl. Acids Res. 22, 53±58.the program SearchWise (E. Birney, J. Thompson, and T. J. G.,
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